The rates of oxygen consumption and motility of washed sperm from the cauda epididymidis of the mouse declines steadily during the course of three or more hours. The decrease can be prevented by including an oxidizable substrate in the medium. Of the substrates usually included in media in which sperm are incubated, pyruvate and lactate were equally effective in maintaining respiratory rate and motility at maximal levels; glucose or fructose increased respiration only slightly, although motility was maintained by the hexose sugars as well as when pyruvate or lactate were present. Presumably then, the production of ATP by aerobic glycolysis provides the energy necessary for motility.
I. INTRODUCTION
The results of numerous investigations, by workers throughout the world, lead to the conclusion that mammalian spermatozoa derive their energy primarily through aerobic metabolic activity. However, under conditions in which oxygen is lacking or is present in amounts insufficient to support respiration, sperm are also capable of facultative anaerobiosis, so that they then obtain energy through glucolysis or, especially, fructolysis (19) .
Suggestions may be found in the current literature that human sperm synthesize ATP through glycolysis, even under conditions in which oxygen is present and respiration is occurring (6, 21, 25) . Mouse sperm have been reported to require glucose (15) or a glycolytic product (10) , for which lactate and pyruvate will not substitute, in order to complete capacitation and the acrosome reaction. The motility of hamster sperm seems to be unaffected by the presence or absence of glucose, provided that other substrates are present, but activation and the acrosome reaction are improved when glucose is added to the medium (7) .
By contrast, glucose has been reported to inhibit the acrosome reaction of guinea pig sperm (23) . Other studies have shown that the sperm of man (9, 24) , mouse, rabbit, and bull (5) carry on vigorous oxidative phosphorylation to produce the ATP needed for their energetic requirements, and that oligomycin, antimycin-A, and rotenone -agents that inhibit oxidative phosphorylation -reduce the ATP content of human (24) and of hamster sperm (22) .
Most of what is known about the metabolic activities of sperm has been derived from studies conducted in vitro -an environment in which sperm are normally never found -and there may be question, therefore, as to whether sperm behave metabolically in vivo as they do in vitro.
A priori considerations, however, as well as indirect experimental evidence, support the notion that the energetic needs of mammalian sperm are normally met through oxidative phosphorylation. Among them may be mentioned the meticulous conservation ofspermatid mitochondria and their sequestration in the middle piece of the sperm tail during the terminal phases of spermiogenesis, processes that run counter to the general tendency during spermiogenesis for all excess cytoplasm and useless cytoplasmic organelles to be sloughed offin order to reduce the bulk of the sperm as much as possible. In addition, the location of the mitochondrial apparatus in the middle piece of the sperm tail insures efficient transfer of ATP -the product of oxidative phosphorylation -to the contractile elements through which motility is achieved in the sperm flagellum (17) . FAWCETT has pointed out, in this connection, that a correlation may exist between the number, size, and arrangement of mitochondria and the energetic needs of the spermatozoa possessing them (8) . Fianally, may be mentioned the fact that the partial pressure of oxygen in the female reproductive tract, in which the sperm fulfill their intended function, is not appreciably different from that of other active tissues of the body ( 12, 26) . Sperm at this partial pressure of oxygen can carry on active oxidative processes, as they are transported from the point of entry in the female reproductive tract to the site of fertilization.
The experimental work in the present project, stimulated by consideration of some of the questions or implications arising from the published reports cited above, were designed in particular to examine the relationship between sperm metabolism and motility -the primary energy-requiring activity -as influenced by such factors as age of the sperm, the presence or absence of substrates and their nature, and by variations in oxygen tension.
MATERIALS AND METHODS
Sperm were obtained from the caudae epididymides (CE) and the vasa deferentia (VD) of 3-to 4-month old mice (Mus musculus) of various genetic strains. No attempt was made to segregate the data according to strain, for variation within strains was as great as that among them.
Mice were killed by cervical dislocation; the CE's and VD's were dissected free and placed in a watch glass containing 0.9% NaC1 solution. Fat, connective tissue, and blood vessels were removed with watchmaker forceps, and .the cleaned organs were then transferred through two washes in saline solution to 0.5 ml of the medium in which sperm were to be isolated.
Sperm were stripped from the VD's by passing them through the tips of barely closed watchmaker forceps. Two longitudinal and four transverse cuts were made in each CE, with iridectomy scissors, and sperm were then eased out of the epididymal tubules by pressure from forceps or a fine stainless steel spatula. The watch glass was then placed in a covered plastic box, equipped with entrance and exit ports, so that air or other desired gas mixture could be run through in order to equilibrate the medium. Before entering the gassing chamber, the gas was bubbled through a wash bottle, containing medium, in order to saturate it with water vapor and thus to prevent evaporation from the sperm suspension. The chamber was then placed in an incubator at 37 ~ for 15 to 20 min in order to permit sperm to migrate from the cut ends of the epididymal tubules.
After this, the sperm suspension was sucked into a fine pipette, care being taken to avoid tissue fragments, and transferred to a small test tube. The tissue in the watch glass was rinsed with 0.5 ml of medium and the washings added to the tube. The suspension was centrifuged at 55• for 5 min, to sediment tissue fragments and some immotile sperm, and the clean suspension was then withdrawn for use.
In some cases, sperm were washed free of epididymal juices by centrifuging at 475xG for 5 min. The medium was removed by aspiration, replaced by fresh medium, and the pelleted sperm then resuspended by passing them in and out of a fine pipette. Centrifugation was repeated one or more times and fresh medium added after each. Prepared in this way, the suspensions generally contained approximately 7x 106 sperm/ml.
Various media were used, most being similar in composition to Tyrode's solution to which various substrates could be added as desired, and the bicarbonate concentration varied, depending upon the gas mixture used and the method of measuring respiration. The usual concentrations of substrates were 5.56 mM-glUcose or fructose, 25 mM-lactate, and 0.5 to 10 mM-pyruvate. Bovine serum albumin was added to most preparations in a concentration of 3 mg/ml; in some cases, 1 mg or 12 mg/ml were used.
Oxygen consumption of the sperm suspension was determined by means of Cartesian diver technique (1, 18) (see footnote*) and a polarigraphic method, in which a Clark type oxygen electrode was used in a specially constructed chamber permitting gassing of the chamber and the introduction of reagents during the course of an experiment (2) .
With the Cartesian diver technique, divers of 10 -12 ~tl capacity were used. Generally 1 or 0.5 p.l of sperm suspension was pipetted into the diver bulb and, seriatim, into the neck, 1 ktl NaOH, 1111 oil, and the neck seal. The initial experiments were done at 25 ~ for the later experiments, a temperature-controlled chamber of lucite was constructed in which the diver filling apparatus, the sperm suspension, and all reagents could be kept at 37 ~ The filled divers were then transferred to a 37 ~ bath. All * The Cartesian diver technique, in recent years, has fallen into disuse perhaps, primarily, because to take advantage of its many excellent, features, skill, patience, and concern for what may appear to be trivial technical details are required. When properly used, the technique is completely reliable and is of particular utility when the oxygen uptake of small samples of material is to be followed for periods of several hours. experiments with the oxygen electrode respirometer were performed at 37 ~ Counts of the sperm in each diver were made at the end of an experiment. Neck, oil, and alkali films were removed by suction; the diver neck wiped with a twist of toilet tissue, and medium was then pipetted into and out of the bulb until all sperm had been recovered. The volume of the medium used to wash out the diver was determined by weighing in order to determine the dilution. Sperm were then counted with hemocytometer. With the oxygen electrode apparatus, an aliquot of the sperm suspension was drawn from stock before the experiment or on a sample withdrawn from the respirometer at the end. These were appropriately diluted and the sperm counted. Respiratory rate was calculated as Zo2 (ktl oxygen consumed/108 sperm/ hour).
In the initial experiments, motility was rated by a single three-step scale: +++, highly active; ++, moderately active; +, sluggish or non-motile. For later work, a more sophisticated method was devised. Each sperm in a representative sample was catalogued as motile or non-motile, and the percentage motility calculated. In addition, the quality of motility of the individual sperm was determined. These scores, when added and divided by the number of sperm examined, gave an average for the sample.
RESULTS

Effect of metabolic substrates on
respiration and motility The sperm in a fresh suspension from the CE, in addition to their endogenous substrates, obtain exogenous, metabolizable materials from the secretions of the CE. If the sperm are not washed, these are carried over into the suspending medium. The exogenous, epididymal substrates can maintain respiratory activity at maximal, or nearly maximal levels for a few minutes, but they are soon exhausted. Oxygen uptake at the expense of endogenous substrates can continue, however, at a low, constant rate for several hours (Curve A, Figure l) . HAMMERSTEDT ( 1 l ) has estimated that endogenous substrates account for about 12% of the oxygen uptake of sperm. The decrease in the rate of oxygen consumption can be prevented by adding a substrate, such as pyruvate or lactate, to the washed sperm. When this is done, respiration then continues at a steady rate for several hours (Curve B, Figure   1 ).
Addition of glucose or fructose to a sperm suspension increases the rate of oxygen uptake slightly, if at all, owing to the operation of the Crabtree effect, first noted by LARDY and PHILLIPS (16) with bull sperm more than forty years ago. When this occurs, the spermatozoa break down hexose to lactic acid, via a glycolytic pathway, even when air is present, but the lactate presumably is not oxidized until the concentration reaches an optimal level (Curve A, Figure  2) . When pyruvate or lactate are added simultaneously with fructose or glucose, the oxygen consumption of the sperm suspension is as rapid as it is with pyruvate or lactate alone (Curve B, Figure 2 the oxygen electrode respirometer show that the reduced respiration of sperm, in the presence of glucose, is abolished as soon as pyruvate or lactate is added (2). When glucose or fructose represent the only exogenous substrates available, the Crabtree effect operates; when glucose or fructose are added together with pyruvate or lactate, or in the presence of exogenous substrates from the CE, no effect, or only minimal effect is noted.
The following experiment with the diver apparatus is illustrative. A small ribbon of sperm was extruded into the desired medium from an epididymal tubule. The sperm were quickly sucked into a calibrated, siliconed 1 lal pipette in medium and introduced into the bulb of a diver. The CE was then transferred to a medium of different composition where another small ribbon of sperm was extruded and transferred to a second diver. This process was repeated until five divers, each containing sperm from the same CE, but with a different substrate, were prepared. Oxygen consumption was measured over the course of two hours, the sperm were then flushed out of the divers and counted. The result of this experiment, typical of others of the same type, is shown in Table I . There is deprived of substrates by washing is low. The addition of glucose or fructose to such sperm suspensions results in minimal increase in the rate of oxygen consumption. But lactate and pyruvate, alone or in combination with glucose, produce marked increase of respiratory rate over that of washed sperm. During the course of this investigation it was noted that sperm samples differed greatly both in the number of motile sperm and, in those sperm that were motile, in the vigor of their flagellar movements. In the initial experiments, such variations in motility were scored as highly active, moderately active, and sluggish or nonmotile. The results of these observations, in spite of the crudeness of the motility ratings, show a positive correlation between the rate of oxygen uptake and the quality of motility. Interestingly, they also show that when fructose was the only substrate present and respiratory activity was, therefore, low, the sperm in this group were as active as those in group 3 ( Figure 3) .
The motility of sperm declines with time, an observation reported frequently by others. Even in the presence of added substrate, the rate declines somewhat, although after two hours, it is still 90% of the initial value (Curve A, Figure  4 ). In these experiments and those that follow motility was rated by a more quantitative method (See Materials and Methods). With a washed sperm suspension, in the absence of exogenous substrates, the decline in motility is rapid. The rate, one hour after isolating the sperm, is 50% of the initial rate; at two hours, 15%, and at three hours, only 5% (Curve B, Figure 4 ). If sperm are provided with an oxidizable substrate within two hours after washing, substantial recovery of motility is possible; starvation for three hours, however, leads to irreversible damage. At the end of a three-hour period, only a few sperm continue to be active, and these show only feeble movements of their flagella, so that, instead of swimming, the sperm merely quiver in place.
The respiratory rate of a washed sperm suspension shows a similar decline with time (Curve C, Figure 4) , and the correlation coefficient between decrease in respiratory rate and decrease in motility is 0.978.
Motility and respiration as affected by
oxygen tension The normal milieu in which sperm are found in vivo has a partial pressure of oxygen of about 50 mm Hg (12, 26) . At this oxygen tension in vitro, sperm show vigorous motility only slightly less than that in a medium saturated with air. But as oxygen tension is further reduced, motility also is reduced. This close correlation between motility and oxygen consumption, as both are influenced by oxygen tension, can be seen in Figure 5 . The curve intercepts the abscissa at about 20% motility, indicating that, although respiration has ceased, motility at a low level still persists, probably from the energy obtained from anaerobic utilization of endogenous substrates.
DISCUSSION
The data presented in the foregoing paragraphs point clearly to the fact that sperm can carry on an active oxidative metabolism at oxygen tensions even lower than those normally encountered in vivo. By adding to the medium such substrates as lactate and pyruvate, separately or in combination with each other or with glucose, sperm can be kept in a highly motile state for six hours or longer -far more time than is needed for sperm to be transported along the reproductive tract to the site of fertilization (4).
The experimental results reported show that the motility of mouse sperm is supported by oxidative processes, a close relationship existing between the degree of motility and the level of oxygen consumption. The persistence of motility in the presence of glucose when respiration is low or even in the absence of respiration, under conditions of greatly reduced oxygen supply, suggests that the sperm can call upon glycolytic mechanisms to supply the energy needed.
Although the data obtained provide a consistent picture of the relationship between metabolism and motility, that relationship appears to be far from a simple one. Samples of sperm are occasionally found that have low motility but in which respiration proceeds at the high rate characteristic of highly active sperm. An example is shown by the solid point in Figure  3 . The occurrence of sperm samples with high respiratory rate, but low motility, is perplexing, but it probably does not represent loss of viability for immotile sperm can frequently be stimulated to motility by treating with caffeine. HARRISON et al. (l 3) also conclude that low motility does not necessarily indicate reduced viability.
Sometimes the motility of a given suspension, with good initial motility, almost ceases without an appreciable effect on respiratory rate resulting. MORTON et al. (20) have pointed out that, in the case of hamster sperm, the respiratory rates after the induction of motility from quiescence were not significantly different from those of the sperm before movement was initiated and that sperm with a motility rating of 30%/4 consumed as much oxygen as those with a rating of 70%/9 Similarly, HEFFNER and STOREY (14) have stated that under certain circumstances motile mouse sperm consume no more oxygen than immotile sperm. That others may have encountered similar cases of sperm samples in which motility was less than normally expected is implicit in such statements as only sperm with high motility were used, or sperm specimens with high initial motility were selected.
Finally, may be mentioned the observation that the non-motile sperm from the caput or corpus epididymidis of the mouse respire at the same or slightly higher rate than those from the cauda; in addition, the cytochrome oxidase activity of corpus or caput sperm is higher than that of the cauda (3). It seems clear that much will yet be learned and much written on the relationship between the motility and metabolism of the mammalian sperm.
